Exposure of newborn rats to hyperoxia impairs alveolarization and vessel growth, causing abnormal lung structure that persists during infancy. Recent studies have shown that impaired angiogenesis due to inhibition of vascular endothelial growth factor (VEGF) signaling decreases alveolar and vessel growth in the developing lung, and that nitric oxide (NO) mediates VEGFdependent angiogenesis. The purpose of this study was to determine whether hyperoxia causes sustained reduction of lung VEGF, VEGF receptor, or endothelial NO synthase (eNOS) expression during recovery, and whether inhaled NO improves lung structure in infant rats after neonatal exposure to hyperoxia. Newborn rat pups were randomized to hyperoxia [fraction of inspired oxygen (FiO 2 ), 1.00] or room air exposure for 6 d, and then placed in room air with or without inhaled NO (10 ppm) for 2 wk. Rats were then killed for studies, which included measurements of body weight, lung weight, right ventricular hypertrophy (RVH), morphometric analysis of alveolarization (by mean linear intercept (MLI), radial alveolar counts (RAC), and vascular volume (Vv), and immunostaining and Western blot analysis. In comparison with controls, neonatal hyperoxia reduced body weight, increased MLI, and reduced RAC in infant rats. Lung VEGF, VEGFR-2, and eNOS protein expression were reduced after hyperoxia. Inhaled NO treatment after hyperoxia increased body weight and improved distal lung growth, as demonstrated by increased RAC and Vv and decreased MLI. We conclude that neonatal hyperoxia reduced lung VEGF expression, which persisted during recovery in room air, and that inhaled NO restored distal lung growth in infant rats after neonatal hyperoxia. BPD is the chronic lung disease of infancy that follows ventilator and oxygen therapy for acute respiratory failure after premature birth (1). Traditionally, BPD has been defined by the presence of persistent respiratory signs and symptoms, the need for supplemental oxygen to treat hypoxemia, and an abnormal chest radiograph at 36 wk corrected age. Over the years, the clinical course of premature infants with BPD has changed, reflecting the effects of improved survival of babies who are less mature and have lower birth weights, as well as changes in therapeutic strategies, such as surfactant therapy and modes of mechanical ventilation (2,3). Infants with BPD now have less severe initial acute respiratory disease, and at autopsy, lung histology is predominantly characterized by arrested lung development, including impaired alveolar and vascular growth (4).
Exposure of newborn rats to hyperoxia impairs alveolarization and vessel growth, causing abnormal lung structure that persists during infancy. Recent studies have shown that impaired angiogenesis due to inhibition of vascular endothelial growth factor (VEGF) signaling decreases alveolar and vessel growth in the developing lung, and that nitric oxide (NO) mediates VEGFdependent angiogenesis. The purpose of this study was to determine whether hyperoxia causes sustained reduction of lung VEGF, VEGF receptor, or endothelial NO synthase (eNOS) expression during recovery, and whether inhaled NO improves lung structure in infant rats after neonatal exposure to hyperoxia. Newborn rat pups were randomized to hyperoxia [fraction of inspired oxygen (FiO 2 ), 1 .00] or room air exposure for 6 d, and then placed in room air with or without inhaled NO (10 ppm) for 2 wk. Rats were then killed for studies, which included measurements of body weight, lung weight, right ventricular hypertrophy (RVH), morphometric analysis of alveolarization (by mean linear intercept (MLI), radial alveolar counts (RAC), and vascular volume (Vv), and immunostaining and Western blot analysis. In comparison with controls, neonatal hyperoxia reduced body weight, increased MLI, and reduced RAC in infant rats. Lung VEGF, VEGFR-2, and eNOS protein expression were reduced after hyperoxia. Inhaled NO treatment after hyperoxia increased body weight and improved distal lung growth, as demonstrated by increased RAC and Vv and decreased MLI. We conclude that neonatal hyperoxia reduced lung VEGF expression, which persisted during recovery in room air, and that inhaled NO restored distal lung growth in infant rats after neonatal hyperoxia.
(Pediatr Res 58: 22-29, 2005)
Abbreviations BPD, bronchopulmonary dysplasia CLD, chronic lung disease eNOS, endothelial nitric oxide synthase MLI, mean linear intercept NO, nitric oxide RAC, radial alveolar counts RVH, right ventricular hypertrophy VEGF, vascular endothelial growth factor VEGFR, vascular endothelial growth factor receptor Vv, vascular volume BPD is the chronic lung disease of infancy that follows ventilator and oxygen therapy for acute respiratory failure after premature birth (1) . Traditionally, BPD has been defined by the presence of persistent respiratory signs and symptoms, the need for supplemental oxygen to treat hypoxemia, and an abnormal chest radiograph at 36 wk corrected age. Over the years, the clinical course of premature infants with BPD has changed, reflecting the effects of improved survival of babies who are less mature and have lower birth weights, as well as changes in therapeutic strategies, such as surfactant therapy and modes of mechanical ventilation (2, 3) . Infants with BPD now have less severe initial acute respiratory disease, and at autopsy, lung histology is predominantly characterized by arrested lung development, including impaired alveolar and vascular growth (4) .
Although mechanisms that impair lung growth in BPD are poorly understood, recent studies suggest that disruption of VEGF function plays a pivotal role in the pathogenesis of BPD. Bhatt et al. (5) have shown decreased lung VEGF mRNA and protein expression, as well as a reduction of the VEGF receptor, flt-1 (VEGFR-1), in the lungs of infants with fatal BPD. In addition, VEGF protein levels are reduced in the tracheal aspirates obtained from premature newborns with BPD, as well as in lung tissue from infants who died with BPD (6) . Experimental studies in infant rats suggest that inhibition of VEGF receptor activity reduces alveolarization and vascular growth, resulting in histologic changes in lung structure that mimic BPD (7, 8) . Since treatment with other anti-angiogenesis agents, thalidomide and fumagillin, also inhibits alveolarization and reduces vascular density (7), it has been hypothesized that injury to the developing pulmonary circulation after premature birth can disrupt normal lung angiogenesis, perhaps through impaired VEGF signaling, and may contribute to abnormal lung growth in BPD (4, (7) (8) (9) .
Prolonged exposure of neonatal rats to hyperoxia causes several structural changes in the lung that are similar to lung histology from human infants with BPD, such as decreased alveolar septation, increased terminal air space size, and dysmorphic vascular growth (10 -12) . Although hyperoxia has been implicated in the pathogenesis of BPD, the exact mechanisms by which increased oxygen tension inhibits lung growth and alters lung structure in BPD are uncertain. Past studies have demonstrated that acute hyperoxia decreases VEGF mRNA and protein expression, suggesting that hyperoxiainduced down-regulation of VEGF may contribute to abnormal lung structure in this model (13, 14) . Decreased lung VEGF and VEGF receptor expression has also been found in the primate model of CLD (15) . Thus, impaired VEGF signaling has been demonstrated in animal models of BPD, as well as in human infants with BPD, but mechanisms through which decreased VEGF expression contributes to BPD are uncertain.
Several studies have shown that VEGF increases the expression of eNOS mRNA and protein, and acutely stimulates NO release through activation of VEGFR-2 in vitro (16 -18) . NO production has also been shown to mediate the angiogenic effects of VEGF in the systemic circulation in vivo (16, 17) . Recently, mice with a genetic deficiency of eNOS expression were shown to have impaired vascular and alveolar growth in utero, and have increased susceptibility for impaired lung growth during postnatal hypoxia (19, 20) . Whether NO mediates VEGF-induced angiogenesis in the developing lung and whether decreased NO production contributes to abnormal lung structure in BPD are unknown.
Past studies have examined the roles of inhaled NO treatment in several animal models of acute lung injury, including hyperoxia exposure. Inhaled NO administered with high concentrations of oxygen has been shown to improve survival and protect the lung endothelium and the alveolar epithelium against O 2 -mediated injury (21) (22) (23) (24) . In past studies of inhaled NO treatment of hyperoxia-induced lung injury, NO was delivered during the exposure to hyperoxia, and there are no data on the long-term effects on lung structure. The effects of inhaled NO treatment after the hyperoxia exposure period and its effects on lung structure during the critical period of postnatal alveolarization are unknown.
Therefore, we hypothesized that inhaled NO therapy after hyperoxia exposure may enhance the recovery of lung growth and structure during infancy. To address this question, we first studied the effects of neonatal hyperoxia on lung VEGF, VEGF receptor, and eNOS expression in the developing lung during recovery in room air. We further studied the effects of prolonged, low-dose treatment with inhaled NO during recovery on lung structure and VEGF expression. We report that neonatal hyperoxia downregulated lung VEGF, VEGFR-2, and eNOS expression, and that late treatment with inhaled NO improved alveolarization during infancy, without increasing VEGF expression. Study design. Four groups of animals were used in these experiments. All pups were maintained in room air for the first 24 h to allow successful transition to postnatal life after birth, before random assignment to four study groups. These study groups included the following treatments: neonatal rats exposed to hyperoxia (Ͼ95% oxygen at Denver's altitude) for 6 d and maintain in room air for 2 wk (hyperoxia-room air, the HR group); neonatal rats maintained in hyperoxia for 6 d and then treated with inhaled nitric oxide (NO, 10 ppm) for 2 wk (hyperoxia-NO, the HN group); neonatal rats maintained in room air throughout the 20-d experimental period (room air-room air, the RR group); and neonatal rats maintained in room air for 6 d and then treated with inhaled NO (10 ppm) for 2 wk (room air-NO, the RN group). Litters of randomly divided rat pups and their dams were placed in Plexiglas chambers containing Ͼ95% O 2 or room air. Oxygen concentrations were monitored continuously, and gas lines were filtered with charcoal and barium hydroxide to maintain CO 2 levels below 0.05%. Chambers were opened briefly (less than 10 -15 min) for cleaning or switching dams. Dams were rotated during the hyperoxia exposure due to poor tolerance of adult rats to hyperoxia. Inhaled NO was delivered and NO and NO 2 levels were continuously monitored with an INO Vent (INO Therapeutics, Clinton, NJ). During (d 7 and 14) and at the end of the study (d 21), animals were killed with an intraperitoneal injection of pentobarbital sodium (0.3 mg/g body wt), and formalin-fixed lung tissue was obtained for histology and morphometric analysis.
METHODS

Animals
RVH. At autopsy, the heart was resected through a midline sternotomy. The right ventricle (RV) and left ventricle plus septum (LVϩS) were dissected and weighed, and the ratio of RV to LVϩS weights were determined as standard assessments of RVH.
Fixation of lung tissue. Rat lungs were prepared and fixed in situ at the end of the study (d 21). PBS was first infused through a main pulmonary artery catheter to flush the pulmonary circulation free of blood. The lungs were then fixed by tracheal installation of 10% buffered formalin at constant pressure (20 cm H 2 O). The trachea was ligated under pressure after sustained inflation for 15 min. The lungs were removed and submersed in fixative for 24 h at 4°C.
Lung morphometric analysis. Transverse sections were obtained from the midplane of the upper, middle, and lower lobes of the formalin-fixed right lung for morphometric analysis. Sections from each animal were processed and embedded in paraffin wax. Paraffin sections (5 m thick) were cut from each block and stained with hematoxylin and eosin. Analysis of each section was carried out in a blinded fashion. Alveolarization was assessed by performing RAC), according to the method of Emery and Mithal (25, 26) . Respiratory bronchioles were identified as bronchioles lined by epithelium in one part of the wall. From the center of the respiratory bronchiole, a perpendicular line was drawn to the edge of the acinus (as defined by a connective tissue septum or the pleura), and the number of septa intersected by this line was counted. Ten counts were performed for each animal.
For assessment of the MLI, five lung sections were selected in an unbiased fashion. Images of each section were captured with a ProgRes 3008 digital camera through a Zeiss Axioskop2 microscope, and were saved as PICT files. The images were then analyzed with the use of Stereology Toolbox software (Morphometrix, Davis, CA). The mean interalveolar distance, or distance between airspace walls, was measured as the MLI, by dividing the total length of lines drawn across the lung section by the number of intercepts encountered, as described by Cooney and Thurlbeck (25, 26) .
Vessel wall thickness measurements were performed by an observer blinded to the identity of the histology slides. Wall thickness measurements were performed on small pulmonary arteries (20 -60 m) associated with terminal bronchioles and distal air spaces with a Zeiss Interactive Digital Analysis System (ZIDAS; Carl Zeiss Inc., Thornwood, NY). Wall thickness and external diameter were measured directly and expressed as the percentage of wall thickness, which was calculated with the following formula: [(external diameter -internal diameter)/external diameter] ϫ 100 (27) .
Immunohistochemistry and vessel volume density. Immunohistochemistry for factor VIII was performed to assess vascular density. Paraffin-embedded slides from formalin-fixed tissue were deparaffinized in CitriSolv (Fisher Scientific, Pittsburgh, PA). The sections were rehydrated by serial immersions in 100% ethanol, 95% ethanol, 70% ethanol, and water. Sections were digested with proteinase K at a concentration of 500 g/mL for 10 min at room 23 NO IMPROVES ALVEOLARIZATION IN BPD temperature and then washed with PBS with 2.7 mM KCl, 1.2 mM KH 2 PO 4 , 138 mM NaCl, and 8.1 mM Na 2 HPO 4 . Endogenous peroxidase activity was reduced by immersion in 3% hydrogen peroxide in methanol. After rinsing, sections were covered in 10% goat serum for 30 min and incubated with rabbit anti-factor VIII antibody (1:1000) diluted in PBS with 1% BSA and 0.1% sodium azide for 60 min. After incubation, the sections were rinsed with PBS and incubated with biotin-labeled secondary antibody diluted 1:200 in PBS with 2% goat serum for 30 min. After incubation with the secondary antibody, the sections were rinsed with PBS, incubated in ABC complex (Vector Laboratories, Burlingame, CA) for 30 min at room temperature, rinsed in PBS and developed with diaminobenzidine (DAB) and hydrogen peroxide. Slides were lightly counterstained with hematoxylin. The slides were then dehydrated by sequential immersion in 70% ethanol, 95% ethanol, 100% ethanol, and CitriSolv before applying coverslips. Immunostaining for eNOS and VEGF protein were also performed by similar methods.
Five lung sections were selected and captured by digital camera for analysis. A point-counting method, in which the lung parenchymal tissue served as the volume of reference, was used to determine the volume fraction (Vv) of factor VIII immunoreactive sites. A grid of 100 points is superimposed on color photographs captured by digital camera at a magnification of 100ϫ. The number of points falling on immunoreactive sites and on lung parenchyma was recorded. The Vv (positive stained profile/parenchyma) was calculated as the ratio of the number of points falling on factor VIII immunoreactive sites to points on lung parenchyma.
Western blot analysis. We performed Western blot analysis of distal lung homogenates from HR, HN, and RR study groups on d 7 and 14. Western blot analysis was performed according to previously published techniques (9) with the following primary antibodies: a MAb to eNOS (Transduction Laboratories, Lexington, KY), VEGF [VEGF (A-20), Santa Cruz Biotechnology, Santa Cruz, CA], VEGFR-2 (KDR, Santa Cruz Biotechnology), VEGFR-1 (FLT-1, Santa Cruz Biotechnology), PECAM (Santa Cruz Biotechnology). Lung tissue was homogenized on ice in 25 mM Tris · HCl, pH 7.4, containing 1 mM EDTA, 1 mM EGTA, 0.1% (vol/vol) 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, 2 mM leupeptin, and 1 mM pepstatin A. Samples were centrifuged at 1500 ϫ g at 4°C for 10 min to remove cell debris. Lung homogenates (25 g) were separated by SDS-PAGE and then transferred to nitrocellulose membranes by electroblotting. Blots were blocked overnight at 4°C in 50 mM Tris · HCl, pH 7.4, 150 mM NaCl, 2% (vol/vol) BSA, and 0.1% (vol/vol) Tween 20, and then incubated with the primary antibody for 1 h at room temperature. Primary antibody was diluted 1:500 in blocking buffer. Blots were then washed six times for 5 min per wash with 50 mM Tris · HCl, pH 7.4, 150 mM NaCl, and 0.1% (vol/vol) Tween 20 at room temperature to remove unbound antibody, incubated for 1 h with anti-mouse IgG antibody coupled to horseradish peroxidase diluted in blocking buffer, and then washed again with Tris-buffered saline-Tween 20 at room temperature. Protein bands were detected by chemiluminescence after exposure to x-ray film (ECL Plus detection, Amersham Pharmacia Biotech, Inc., Piscataway, NJ). Densitometry was performed with a scanner and NIH Image software (National Institutes of Health, Bethesda, MD). We initially determined the accuracy and consistency of the protein loads for each gel by Ponceau S staining before applying the different antibodies. In addition, each gel was stripped and reprobed with ␤-actin for use as a housekeeping protein to compare expression between samples. The experiments were performed with at least five animals per study group, and data represents at least three different experiments.
To assess isoform specificity of the antibody to VEGF, a Western blot analysis was performed using recombinant human VEGF 165 (rhVEGF) protein, in which rhVEGF was preincubated with the antibody to VEGF used in our studies. We found that the rhVEGF protein band migrated with the VEGF band identified from tissue homogenate from rat lung, and that preincubation of the blocking peptide with VEGF antibody eliminated the VEGF bands. These findings suggest that the predominant isoform measured by Western blot analysis is VEGF 164 (data not shown). Statistical Analysis 
RESULTS
Body and lung weights, RVH, and pulmonary vascular remodeling. Mortality was not different between study groups. The number of animals within each study group included 18 pups in the HR group, 23 in the HN group, 20 in the RR group, and 20 in the RN group. In comparison with room air controls (RR), hyperoxia caused a significant reduction in body weight (33 Ϯ 7 g versus 41 Ϯ 3 g, for HR and RR, respectively; p Ͻ 0.05) ( Table 1) . Inhaled NO treatment after rats were exposed to hyperoxia (HN) increased body weight toward room air (RR) control values (44 Ϯ 7 g, p Ͼ 0.05 for HN versus RR) ( Table 1 ). Inhaled NO treatment of control rats with prior room air exposure (RN) did not change body weight when compared with room air (RR) control animals (44 Ϯ 2 g: p ϭ NS for RN versus RR) ( Table 1) . Lung weight to body weight ratios in control room air control (RR) animals (0.016 Ϯ 0.001) was greater than rats that were exposed to hyperoxia (0.014 Ϯ 0.001 for HR; p Ͻ 0.05 for RR versus HR), and not different from HN animals ( Table 1) . Measurements of RVH and vessel wall thickness of small pulmonary arteries were not different between any of the study groups (Table 1) .
Lung histology and morphometric analysis. In comparison with control animals (RR), lung histology from hyperoxiatreated rats (HR) was characterized by decreased septation, and the appearance of a widened distal airspace (Fig. 1) . In comparison with hyperoxia-exposed rats that remained in room air during recovery (HR), inhaled NO therapy improved distal lung structure, as reflected by smaller and more numerous alveoli (HN; Fig. 1 ). To quantitate these differences, morphometric analysis of RAC and MLI were compared between study groups (Fig. 2) . As shown, RAC was decreased in hyperoxia-exposed rats that were recovered in room air (8.2 Ϯ 1.6, HR versus 11.5 Ϯ 1.8, RR; p Ͻ 0.05). Inhaled NO after hyperoxia (HN) increased RAC in comparison with room air recovery rats (HR), and was not different from RR control animals. RAC in rats that were treated with inhaled NO without hyperoxia exposure (RN) were not different from room air (RR) controls.
Measurements of MLI were greater in the HR group when compared with RR control values (55 Ϯ 9, HR versus 45 Ϯ 7 m, RR; p Ͻ 0.05). Inhaled NO treatment after hyperoxia (HN) reduced MLI from HR rats and was not different from RR and RN groups (Fig. 2, lower panel) . In addition to the morphometric assessment of alveolarization, measurements of vessel volume density (Vv) demonstrated increased Vv in the HN group in comparison with the other study groups (Fig. 3) . Western blot analysis. To determine the effects of hyperoxia on VEGF-NO signaling, and changes in the VEGF-NO cascade during recovery after hyperoxia, four animals from HR, HN, and RR groups were killed on d 7 and 14 to obtain lung tissue for Western blot analysis of VEGF (Fig. 4) , VEGF receptors (VEGFR-1 and VEGFR-2, Fig. 5), eNOS (Fig. 8) , and PECAM, an endothelial cell marker. As shown, neonatal exposure to hyperoxia down-regulated lung VEGF expression, as demonstrated by the decrease in lung VEGF protein content in HR and HN rats versus RR controls (Fig. 4) . Importantly, lung VEGF expression remained decreased even after termination of the hyperoxia exposure, as demonstrated by the persistent reduction in lung VEGF content in HR rats in comparison with room air controls (RR). Although inhaled NO improved lung structure, NO treatment after neonatal hyperoxia did not increase VEGF expression. Hyperoxia also initially decreased VEGFR-2 expression at d 7, but levels were not different from controls at d 14 (Fig. 5 ). There were no differences in lung VEGFR-1 content expression on d 7 and 14 between the study groups (data not shown). As observed with VEGFR-2 expression, hyperoxia also decreased lung eNOS protein at d 7, but levels were not different from control animals during the recovery period (d 14) (Fig. 6 ). In contrast, lung PECAM protein content was not different between study groups after hyperoxia or during the recovery period.
Immunostaining. Figures 7 and 8 illustrate the sites of expression for VEGF and eNOS expression, respectively, in the different study groups at d 21. As shown, lung VEGF is predominantly expressed in the airway epithelium and appears decreased after recovery from hyperoxia (Fig. 7) . Lung eNOS protein is primarily present in vascular endothelium in each group (Fig. 8) .
DISCUSSION
We found that hyperoxia exposure of neonatal rats impairs distal lung growth, as demonstrated by reduced alveolarization and Vv, and that these changes in lung structure are present despite prolonged recovery in room air. We further report that hyperoxia down-regulates lung VEGF protein expression in the neonatal lung, and that this reduction in VEGF protein persists during infancy despite recovery in room air. In addition, lung VEGFR-2 and eNOS expression, but not lung VEGFR-1 and Figure 2 . Morphometric analysis of alveolarization from infant rat lungs after exposure to hyperoxia followed by placement in room air or inhaled NO. As shown, infant rats that were exposed to neonatal hyperoxia and were recovered for 2 wk in room air (HR) had lower RAC (upper panel) and higher MLI (lower panel) than room air controls (RR, p Ͻ 0.05 for each comparison). Inhaled NO treatment after hyperoxia (HN) increased RAC and decreased MLI in comparison with room air recovery (HR, p Ͻ 0.05). RAC and MLI values in neonatal rats that were treated with inhaled NO without hyperoxia exposure (RN) were not different from controls. n ϭ 6 -8 pups per study group. 
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PECAM expression, are reduced during neonatal hyperoxia. In contrast with the sustained decrease of VEGF expression, however, lung VEGFR-2 and eNOS protein return to control values during the recovery period after hyperoxia. Furthermore, we demonstrate that late treatment with low doses of inhaled NO (10 ppm) during the recovery period improves lung architecture, as demonstrated by increased RAC, decreased MLI, and increased Vv.
Overall, these findings provide further support to the hypothesis that inhibition of alveolarization following neonatal hyperoxia may be partly due to sustained impairment of VEGF signaling, which persists during infancy despite recovery in room air. Because late treatment with NO improves alveolarization, we further speculate that the effects of hyperoxia on distal lung growth may at least partly be due impaired VEGF-NO signaling, and that prolonged treatment with inhaled NO may enhance distal lung growth in this model of BPD. Past studies have shown that pharmacologic inhibition of VEGF receptors in neonatal rats impairs alveolarization in older rats (7, 8) and is associated with decreased lung eNOS protein content and NO production (28, 30) . As observed in this post-hyperoxia model, treatment with inhaled NO also improved alveolarization after inhibition of VEGF activity (28) . These experimental findings are especially interesting due to recent clinical studies that have demonstrated decreased VEGF expression in lung tissue and bronchoalveolar lavage fluid of human infants with BPD (6) . In addition, a recent single-center study has suggested that acute inhaled NO treatment of premature infants with BPD reduces the incidence of chronic lung disease and death in human newborns (18) .
Exposure of neonatal rats to hyperoxia has provided a useful experimental model to study mechanisms that contribute to the development of BPD (10 -12) . Although hyperoxia is likely to inhibit lung growth through diverse mechanisms, recent clinical and laboratory studies have suggested that impaired VEGF signaling may play a prominent role in the pathogenesis of BPD. First, lung VEGF and VEGF receptor expression are reduced in human infants who died with severe BPD, and tracheal fluid VEGF levels are lower in samples from premature neonates with BPD than controls (5,6). Second, animal studies have previously shown that hyperoxia acutely reduces lung VEGF expression in neonatal rabbits within the initial 48 h of exposure (30) . In contrast with past work suggesting that VEGF increases during the recovery period following hyperoxia (14), we report sustained reduction of lung VEGF expression, suggesting that the late structural abnormalities may be associated with continued impairment of VEGF signaling. These findings further extend a recent study of hyperoxia in neonatal rats, which showed sustained reduction of lung VEGF and VEGFR-2 expression during prolonged hyperoxia, but did not measure lung VEGF expression during recovery after hyperoxia (31) . Third, treatment of neonatal rats with SU5416, a VEGF receptor inhibitor, reduced alveolarization and lung to body weight ratio, providing direct evidence that impairment of VEGF signaling inhibits lung growth (7, 8) . Thus, it is likely that persistent reduction of VEGF expression after hyperoxia alters angiogenesis and impairs alveolarization in the hyperoxia model of BPD. Mechanisms underlying sustained decreases in VEGF expression are unknown, but may be related to suppression of hypoxia-inducible factor 2-alpha expression (32) .
Because NO has been shown to mediate many of the proangiogenic effects of VEGF, we hypothesized that neonatal hyperoxia would cause sustained reduction in lung VEGF and eNOS expression, and that treatment with inhaled NO may augment lung growth after hyperoxic injury. That hyperoxia reduces lung VEGF expression has been previously reported (13, 30, 31) , but these findings extend past observations by showing that lung VEGFR-2 and eNOS are also downregulated after hyperoxia. In addition, lung VEGF protein remains decreased despite termination of hyperoxia exposure, suggesting that sustained reductions of VEGF may limit lung growth during the recovery period in infant rats. Inasmuch as lung PECAM and VEGFR-1 protein expression do not change during hyperoxia, these findings suggest that hyperoxia has a relatively selective effect on endothelial expression of VEGFR-2 and eNOS, rather than a more generalized impairment of endothelial cell function. Interestingly, NO may contribute to branching morphogenesis in fetal rat lungs in vitro and to compensatory lung growth in rats after pneumonectomy in vivo (20, 32, 33) . In addition, neonatal mice with eNOS insufficiency have an increased susceptibility to impaired vascular growth and alveolarization in response to mild hypoxia (20) . Recent studies have also found that lung eNOS expression is decreased in primate and lamb models of BPD, further suggesting that impaired NO production may contribute to the pathogenesis of BPD (34, 35) .
Previous studies have demonstrated that inhaled NO during hyperoxia exposure may reduce acute lung injury in several animal studies (23,24,36 -38) , but some studies have shown opposing results (39 -43) . In these latter studies, however, inhaled NO was administrated with high fraction of inspired oxygen (FiO 2 ) and may have resulted in enhanced exposure to NO 2 and peroxynitrite, which may have some detrimental effects on the lung. In our study, inhaled NO treatment followed neonatal exposure to hyperoxia, which would decrease the potential harmful effects of NO 2 and peroxynitrite.
Although the exact mechanism by which late inhaled NO treatment enhances distal lung growth is unclear, we found that VEGF expression is decreased in hyperoxia-exposed pups. Prolonged exposure of a neonatal animal to hyperoxia creates a lesion that is similar to human BPD (11) . Animal models have also showed the adverse effects of prolonged hyperoxia on the developing pulmonary circulation. Endothelial cells are especially prone to oxidant injury, and the absence of VEGF, an important endothelial cell survival factor, may further increase susceptibility of the endothelium to hyperoxic injury (43) . NO plays an integral role in VEGF signaling, not only by modulating vasorelaxation and permeability but also by playing an important role in the angiogenesis in vitro and in vivo (44) . NO is involved in endothelial cell proliferation and migration, which are essential for angiogenesis (17) . By using the human umbilical vein endothelial cells (HUVEC), Papapetropoulos et al. (17) reported that VEGF treatment increases eNOS expression and stimulates NO release through activation of VEGFR-2 and PI-3kinase/Akt signaling. NO is a downstream molecule that mediates VEGF-induced endothelial cell proliferation, migration, and organization (17) . Thus, decreased VEGF expression likely reduces endothelial cell function, growth, survival, and NO production. Whether reduced NO production contributes to impaired alveolarization after neonatal hyperoxia is uncertain, but the effects of low-dose inhaled NO in enhancing distal vascular and alveolar growth supports this hypothesis. Similarly, reduced NO production impairs alveolar growth in response to mild hypoxia, further suggesting a role for NO in lung development (20) .
There are several potential limitations in our study, which include the use of term rather than premature neonatal rats as an animal model of BPD. Although there are clear maturational differences between the premature and term lung, alveolarization in the newborn rat occurs within the first 2 wk of postnatal life, thereby providing a useful window for studying basic mechanisms that can impair lung development (44 -46) . Inasmuch as host antioxidant defense mechanisms are less developed in preterm than term rats, it is likely that exposure to similar levels of (RN, D) . Lung eNOS is primarily expressed in vascular endothelium (arrows) for each study group. Bar length ϭ 100 m.
hyperoxia after birth would have more adverse effects on lung growth and survival (46, 47) . Although it has been shown that the preterm rats were not more susceptible to O 2 -induced lung damage and lethality than full-term newborns (46, 47) , it is also possible that inhaled NO would not have had similar effects on preterm rats as observed in this study of term neonatal rats. We exposed our neonatal rats to 95% oxygen for 6 d, which can cause higher mortality and more severe signs of lung inflammation and fibroproliferative changes on lung histology (48, 49) . At Denver's altitude, this level of hyperoxia would be more similar to exposure of 75-80% FiO 2 at sea level. This likely accounts for less severe acute lung injury in our study, but still provides a model of impaired lung development, which more closely mimics the "new BPD" in the postsurfactant era (3, 4) . Past studies have examined the combined effects of inhaled NO treatment during acute exposure to hyperoxia (21) (22) (23) (24) 48, 49) . In contrast, we have examined the effects of late NO treatment after hyperoxia exposure to more directly examine its effects during recovery from acute lung injury. Whether prolonged inhaled NO during acute hyperoxia with or without late treatment would have similar effects is uncertain.
In summary, we found that hyperoxia exposure in neonatal rats caused sustained reductions in lung VEGF expression and persistent abnormalities in lung structure, including decreased vascular growth and impaired alveolarization. We also report that treatment with low doses of inhaled NO after neonatal hyperoxia enhanced late lung growth and improved alveolarization during the recovery period. Further studies are needed to determine the exact mechanisms by which inhaled NO improves lung structure after neonatal hyperoxia, but these findings suggest that inhaled NO therapy may play a therapeutic role in enhancing distal lung growth in BPD.
